














Some years ago Appelquist and Chanowitz considered the scattering of fermion{anti-
fermion into a pair of longitudinal gauge bosons. Their calculation established that uni-
tarity implies that the physics giving mass to a quark of mass m
f





(v = 246 GeV). This bound is a bit dicult to interpret, because the
unitarity of gauge boson scattering requires in any case that there be new physics, such
as a Higgs boson, with a mass lighter than this. This paper re-examines the Appelquist-
Chanowitz bound in order to clarify its meaning. This work uses toy models with a singlet
Higgs boson to unitarize gauge boson scattering, and considers other possibilities for the
new physics aecting the fermion mass. This new physics has the eect of changing the
Higgs boson{fermion{anti-fermion coupling. New physics cannot signicantly alter this
coupling unless it is substantially lighter than the Appelquist-Chanowitz bound.
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1. Introduction
Several years ago Appelquist and Chanowitz pointed out that there is a bound on the







where f is a massive fermion and V
L
is a longitudinal W

or Z. The argument may be
summarized as follows. Consider the calculation of this process in unitary gauge in the
standard model. There are four tree-level diagrams. One exchanges a fermion in the t
channel; one has a fermion in the u channel; one has a neutral gauge boson, a Z or , in
the s channel. The fourth diagram has a Higgs boson in the s channel. The Higgs boson
exchange diagram, the argument goes, is the sign of the new physics giving mass to the
fermion. Compute the amplitude for a heavy lepton{anti-lepton pair to annihilate into a
pair of longitudinal W bosons. The process of interest is the one that does not conserve
chirality. The calculation of the rst three diagrams yields a result which grows with s,





















At high energies the Higgs boson exchange diagram makes a contribution to the amplitude
of precisely the same form but with the opposite sign. Thus, at energies above the mass
of the Higgs boson, the growth in this amplitude is cut o. The requirement that the
spin-zero partial wave not violate unitarity | that it stay smaller than one in magnitude
| implies that the scale M
U
before which the calculation without the Higgs boson must










Therefore, it is argued, the mass of the Higgs boson or whatever else gives mass to the
fermion must be less than M
U
.
The diculty here is that there is a more stringent bound on the mass of the Higgs









physics must appear before about a mass of 1 TeV [2]. If the mass of new physics is
postponed to near the 1 TeV bound, the scattering of the gauge bosons o each other
makes the calculation of the three tree-level diagrams unreliable long before the multi-
TeV energies implied by (1.2) (see g. 1). What then is the signicance of the unitarity
constraint?
1
For a colored particle, there is an additional factor of
p
3 in the denominator. For a top
quark mass of 174 GeV, this corresponds to a mass scale of about 10 TeV.
1
Since we know that there must be a symmetry breaking sector at 1 TeV or below, the
outstanding questions are really a bit more subtle. Does this symmetry breaking sector
have to couple to the fermions, and if so, how? At what scale is the physics of avor? If one
believed, for instance, that the one-doublet standard model were the theory of everything,
then the physics of avor lives at the Planck scale. Unitarity implies nothing. On the
other hand, there are possibilities for putting the physics of avor at lower scales. One
interesting example is the top-mode standard model [3], which can be used to put the
physics of fermion masses at essentially any scale one wishes.
In this note, for simplicity, it is assumed that the gauge boson rescattering is uni-
tarized by the addition of a single Higgs boson. This is only an example of the kind of
symmetry breaking sector one might encounter; a multi-Higgs boson model would do just
as well. The only requirement is that once the resonances are included, the theory must
look renormalizable. However, the common feature of all models that put the physics
of fermion masses at a high scale is that at low energies they look like a renormalizable
model that includes a fermion mass. For example, the top-mode standard model is almost
indistinguishable at low energies from the standard model
2
.
No matter what the symmetry breaking sector is, gauge invariance dictates that there
be no mass of the fermion in the absence of a vacuum expectation value. Therefore, the
fermions will always get their mass from the Higgs boson and there will always be a Higgs
boson{fermion{anti-fermion coupling. However, the coupling strength may not have its
standard model value. The question this paper asks is What scale must the new physics
have in order to alter the the Higgs boson{fermion{anti-fermion coupling substantially, by
order one? This paper examines the mass scale of the new physics in two kinds of eective
eld theories. In the rst class, the new physics gets its mass by coupling to the vacuum
expectation value, and treatment using a non-linear Lagrangian is appropriate. The second







The usual sort of technicolor model, by contrast, looks at no scale even approximately like a
renormalizable model of resonances. Thus the considerations of this paper are not really applicable
to technicolor. This point is discussed in the conclusions.
2
2. Non-Linear Models





ken to the electromagnetic U(1) [5]. Aside from some number of fermions whose mass is
neglected, there is one massive fermion f , of massm
f
, the left-handed component of which
is the upper member of a doublet  
L
. In the non-linear formalism one may construct arbi-
trary vertices in a manner that preserves gauge invariance. Dene the eld corresponding








are the 2  2 generators of SU(2) normalized to 1/2, and v = 246 GeV. The
object  transforms under the weak SU(2)
W
as  ! U and under hypercharge as
! exp( iT
3




































gauge transformations, one may set  = 1, yielding unitary gauge. In
this gauge (2.3) is a mass term for the W and Z. The object
F
L





transforms as an SU(2)
W
singlet with a hypercharge equal to the electric charge of f [6].
(Here and below, replace (1 0) with (0 1) if the fermion is the lower member of  .) Using














+ h:c: : (2:5)
In unitary gauge this is a mass term for the quark, and it generates no other Feynman
vertices.
The calculation of Appelquist and Chanowitz probes an eective theory in which the
Lagrangian consists of (2.3), (2.5), and the kinetic energy terms of the gauge bosons and
fermions. While there is no way to tell denitely the scale at which this Lagrangian breaks
down, there are good arguments that it is not much bigger than 4v [7]. The breakdown
3
occurs rst in the gauge boson scattering process, but there is no meaningful way to use
this Lagrangian for fermion scattering above the cuto.
To go beyond 4v, one has to cure the unitarity problem in gauge boson scattering.
Any renormalizable model with spontaneous symmetry breaking will work, but for the
purposes here it is sucient to consider the simplest possible case, the one-doublet standard
model, with a single Higgs boson. Include a new singlet eld H. Couplings of the Higgs






If gauge boson scattering is to be unitary at high energies, the couplings of the Higgs boson
to the other particles must be such that the Goldstone boson kinetic energy term and the




































+ h:c:+ : : : ; (2:7)
where : : : represents the kinetic energy terms of the gauge bosons and fermions. If the
mass terms of the fermion are ignored and the mass of the Higgs boson is not too large
| less than a few hundred GeV or so | the gauge boson scattering will be unitary up to
high energies.
This model looks almost renormalizable, but it isn't quite, because of the absence of
the coupling of the massive fermion to the symmetry breaking sector, the Higgs boson.























doesn't even make sense as an eective theory, because diagrams such as the one shown in
g. 2 are innite in an R
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Because of the existence of the innity, a counterterm of this form must be added. In the
eective theory the renormalized value of this coupling may be chosen to be anything at
all, it does not have to satisfy the relationship in (2.8).
Suppose the renormalized coupling between the fermion and the symmetry breaking
sector is negligibly small compared to the value it should have had in order to make the
theory renormalizable. In our sample case, this means that we take the renormalized Higgs
boson{fermion{anti-fermion coupling to be much smaller than given by (2.8). The non-
renormalizable theory has a mismatch between this coupling and the fermion mass, and
therefore, new physics will eventually be required at some scale. It is possible to see what
that scale is by considering loop diagrams such as the one shown in g. 3. This diagram


























In the standard model this innity is cancelled by a diagram of the same form, but with one
of the Goldstone bosons replaced a Higgs boson. Since the relationship between the various
couplings has been destroyed in this model, the innity is really present, and a counterterm
must be added. In the absence of some sort of ne tuning, it would be surprising if the size















. The existence of this four-fermion operator implies that there
must be new physics at or below that scale.
Alternatively, one may see the new scale in the way that Appelquist and Chanowitz






unitarity is destroyed. In this model, if the Higgs
boson mass is light, the calculation of Appelquist and Chanowitz is valid because gauge
boson rescattering in the nal state is negligible. It is therefore not a coincidence that
the Appelquist-Chanowitz bound is the same as the scale of new physics in this scenario.
Note that only in the case of a light Higgs boson is the Appelquist-Chanowitz calculation
directly valid at high energies.
However, it is probably not possible to saturate the Appelquist-Chanowitz bound
even when there is a light Higgs boson
4
. The analysis of this section applies only when
the new physics gets its mass from coupling to Higgs vacuum expectation value (VEV).
4
I would like to thank Howard Georgi for pointing this out.
5
If all or most of the mass of the new physics is fundamental, i.e. independent of the
symmetry breaking VEV, the eects of the new physics are decoupling. In such a case
all the non-renormalizable operators introduced by the new physics will be suppressed by
inverse powers of the mass of the new physics [8]. Such models can be treated by the
techniques of the next section. On the other hand, in the case under consideration in this
section, the new physics gets its mass by coupling to the Higgs VEV, and in that even in
the limit of ultrastrong coupling it is probably not possible to make it much heavier than a
few TeV. Thus the Appelquist-Chanowitz bound is probably irrelevant for fermions other
than the top.
3. Linear Models
Consider a scenario in which the low-energy eective theory looks approximately





variant manner. In the low-energy eective theory applicable below the new physics, there
will be gauge invariant operators of dimension higher than four. These will be suppressed
by powers of the large mass scale. This sort of theory is approximately renormalizable in
the sense that one can work to any given order in inverse powers of the large scale.
In such a situation, since the new physics has nothing to do with the electroweak
symmetry breaking, the operators in the eective theory should be written in terms of
the linearly realized Higgs sector elds. Once again, the one-doublet model is used as an
example of what might happen in other models; it would be easy to extend the analysis
to any given symmetry breaking sector.
It is easy to see that one may write operators that reduce or remove the Higgs boson{


































This operator aects both the fermion's mass and its coupling to the Higgs boson. Sup-
































In (3.3) there is no coupling of a single Higgs boson to the fermion | we have arranged a










The signicance of this is as follows. One does not expect that new physics will
entirely remove the coupling of the Higgs boson to the fermions as in (3.3). On the other
hand, if there is to be a substantial alteration of the Higgs boson{fermion{anti-fermion
coupling, there must be operators like (3.1) suppressed by M
X
approximately as large as
the value given in (3.4). For fermions with mass less than v, M
X
is considerably smaller
than the scale of new physics of the previous section. There is no 16 in this expression,
and moreover the scale M
X
decreases only like the square-root of the mass of the fermion.
In fact, the mass M of the new particles in this scenario is likely to be even smaller
than M
X
. If one considers how an operator like (3.1) would actually arise when particles
of mass M are integrated out, one expects that there would be coupling constants in the
numerator of the suppression factor. Moreover, if the new physics doesn't create (3.1) at
tree level, then there will be loop integral factors of 16
2
in the denominator. In realistic
models, therefore, it is probably impossible to substantially aect the size of the Higgs
boson{fermion coupling (at least for the top quark) in any model in which the new physics






The Appelquist{Chanowitz unitarity bound on the physics giving mass to the fermions
is a bit dicult to interpret. In a general model, it is not possible to ignore the rescattering
eects in the production of longitudinal gauge bosons. The existence of these eects implies
that there must be a Higgs boson or other physics below about 1 TeV. The possibility
considered in this paper is that once the Higgs resonance is included, the model looks
approximately like a renormalizable theory with a massive fermion, but lacking the right
coupling between the fermion and the symmetry breaking sector.
The application of the considerations in this paper to conventional technicolor [9] is not
entirely straightforward. Above the scale of the condensate, treatment of the longitudinal
gauge bosons is subtle, and the calculation that includes them as fundamental particles is






machine of 20 GeV center-of-mass energy, one cannot perform the computation
of f

f to longitudinal gauge bosons in a technicolor theory at 50 TeV.
In the usual sort of technicolor models, fermion masses come about because the theory
has non-renormalizable four-fermion operators. The strength of the four-fermion operators
dictates the breakdown of this theory, not the unitarity of f

f ! V V .
In this paper, the one-doublet standard model was considered as an example of the
kind of physics that could unitarize the gauge boson scattering. The Higgs boson gives
mass to the fermions, just as it does in the standard model, and there is always a Higgs
boson{fermion{anti-fermion coupling. What can be altered, however, is the coupling of
the symmetry breaking sector, the Higgs boson, to the fermions. Sensibility of the eective
eld theory implies that the mass of the new physics is no more than a few TeV if the
coupling is to be substantially dierent from its standard model value. If the new physics




invariant fashion, the new physics must come in at a
much lower scale, in the case of the top quark, near the weak scale or lower.
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Figure Captions
Fig. 1. Gauge boson rescattering makes the tree-level computation of gauge boson pro-
duction unreliable at a low energy scale.
Fig. 2. One of the diagrams that are innite in an R








Fig. 3. An innite loop diagram requiring a

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counterterm.
10
..
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
f

f
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
..
...
..
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
......
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
V
L
V
L
11
..
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
f

f





















w
0
w
0
H
12
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
....
.
.
.
.
.
.
....
f

f
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
....
....
.
.
.
f

f
























w
0
w
0
13
